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Abstract 
Abrasive flow machining (AFM) is an abrasive machining process used to machine internal geometries like bores in terms of deburring and 
finishing the surface with high performance. A silicate-based medium is forced through the internal geometry of a work piece by a hydraulic 
cylinder. The medium contains a certain amount of abrasive particles like carbide or diamond which influence the removal rate and surface 
quality. For example, components of fuel injection systems are treated with the process in order to withstand higher internal pressures. One goal 
is the improvement of the surface quality whereas the other one is the reduction of stress concentrations at bore intersections due to the abrasive 
deburring and defined rounding. In this paper, an optimized process control is proposed by combining different levels of piston pressure in one 
machining procedure. This can be compared to roughing and finishing in conventional machining and is supposed to reduce the lead time while 
achieving the lowest possible surface roughness. A commonly used automotive steel AISI 4140 was used for the investigation. Additionally, a
force model based on in-process measurements of axial forces will be developed. The force model focuses on the influence of the applied 
piston pressure on the friction conditions of the AFM medium. 
© 2014 The Authors. Published by Elsevier B.V. 
Selection and peer-review under responsibility of the International Scientific Committee of the 6th CIRP International Conference on High 
Performance Cutting. 
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1. Introduction 
Hydraulic components are often subjected to pulsating 
pressure loads. As a consequence, the surface integrity of such 
components plays a key-role for the fatigue resistance. This is 
particularly true for components with complex internal 
geometries, e.g. bore intersections. The surface quality at such 
failure critical areas needs to be improved in order to avoid 
crack initiation. This can be done by appropriate polishing 
processes, which effectively reduce the surface roughness [1]. 
Abrasive Flow Machining (AFM) is a non-conventional
abrasive cutting process where a polymer-based pliable carrier 
medium laden with abrasive particles is forced through hard-
to-reach internal geometries. With that, a surface roughness of 
Ra below 1 μm and a defined rounding of edges is achievable 
[2, 3]. The AFM medium is often referred to as “liquid 
sandpaper” or “honing stone”, describing the viscoelastic 
behavior of the medium. On the one hand, the medium tends 
to flow when being slowly loaded with pressure. On the other 
hand, it is rigid like a stone when being quickly loaded with 
pressure.  
This paper presents a parameter study regarding the 
influence of the piston pressure on the surface finish and the 
diameter widening. Based on previous findings [4, 5], two 
machining strategies with a combination of roughing and 
finishing are compared to the machining with high and low 
pressure. The results are discussed with respect to the 
machining time and machining tolerance. Furthermore, results 
from an in-process measurement of axial forces are presented. 
The influence of the set piston pressure and the passage length 
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on the axial force and the volume flow rate is examined. For 
the investigation, the layout for the axial force measurement 
used in [4, 5] was improved to extend the range of the 
investigated parameters. The results presented in this paper 
can be used as an input for the inverse fitting of a numeric 
simulation model. 
2. State of the art 
AFM is an abrasive cutting process serving to machine 
complex internal geometries. It improves the surface finishing 
of components and reduces stress concentrations at bore 
intersections by the defined rounding of edges. The cutting 
tool in the AFM process is a silicate-based elastic medium 
loaded with abrasive particles which can vary in size and 
concentration. Process parameters can be classified as 
parameters of the work piece, the medium and the machine 
parameters [6]. 
The two most important machine parameters which 
influence the quality of the machined surface and the 
machining time are the number of AFM cycles and the 
magnitude of the applied piston pressure. The range of 
number of cycles used in existing investigations is very wide. 
Some experiments were performed with up to 15 AFM cycles 
[4, 9-11], while for other investigations the number of cycles 
was around 100 [7]. In the available literature, most of the 
investigations were performed using piston pressures in the 
range of 5 to 80 bar [8, 12, 13].  
PRZYKLENK [3] investigated the surface quality of AFM- 
machined components, using pressure levels in the range of 
14 bar to 30 bar, and observed that machining with higher 
pressure leads to a faster reduction of surface roughness. 
BÄHRE et al. [4] applied piston pressures from 40 to 70 bar 
and observed the same behavior. Therefore, BRÜNNET et al. 
[5] proposed a process optimization which combines different 
pressure levels in one machining operation in order to obtain a 
suitable trade-off between surface roughness and machining 
time. The proposed optimization strategies are applied in this 
paper and the corresponding results are presented. 
The axial forces in AFM are highly influenced by the 
behavior of the AFM medium. The flow pattern of the AFM 
medium depends on the machining parameters, the 
characteristics of the applied medium, as well as the 
configuration of the work piece and the tooling [2]. 
GORANA et al. investigated the axial and radial forces during 
AFM using a self-designed two-component disc dynamometer 
[13]. They found that the applied extrusion pressure had the 
strongest influence on the measured axial force. The active 
grain density and the concentration of abrasive grains showed 
only a minor influence in their experiments. In another 
publication, GORANA et al. related the measured forces 
during AFM to the number of the counted active cutting 
grains in the AFM paste [14]. The influence of the carrier 
medium and the abrasive grains on the measured forces was 
distinguished by force measurements with only the carrier 
medium and the carrier medium laden with abrasive grains. 
The difference in the forces was attributed to the cutting 
grains, and an average cutting force per active grain was 
derived. The experimental results have been compared to a 
theoretic model for the interaction between a single grain and 
the work piece. It was found that rubbing and ploughing 
mechanisms were present and contributed to the axial force. 
The axial force also depends on the viscosity of the AFM 
paste. SZULCZYNSKI showed that the paste is a non-
Newtonian fluid. The correlation between the working 
pressure and the paste velocity is non-linear depending on the 
temperature of the paste [15]. UHLMANN et al. proposed a 
numeric model and a process model in order to accelerate the 
user-defined design of AFM-applications [16]. MIHOTOVIC 
developed a numeric model for the cutting mechanisms of 
ceramic materials [17]. He applied computational fluid 
dynamics (CFD) simulations to describe the streaming 
conditions in AFM. A similar approach for developing a 
simulation model based on the investigation of rheological 
properties of the AFM-paste and the measurement of axial 
forces was recently presented by SCHMITT [18]. 
3. Experimental setup 
The presented investigations were performed using an 
ExtrudeHone Vector AFM-machine, shown on Figure 1. It is 
equipped with two vertically opposed cylinders, thus allowing 
one-way and two-way AFM. Here, only the lower cylinder 
was employed for the considered one-way AFM. The piston 
pressure could be adjusted in the range of 28 to 105 bar.  
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Figure 1: Applied ExtrudeHone Vector AFM-machine [4]  
A flexible clamping block was designed in order to allow 
the machining of different work pieces [4]. The clamping was 
fixed above the lower medium cylinder using center pins. A 
removable cover plate closed the clamping block and was 
clamped between the hydraulic clamp cylinders. By removing 
the cover plate it was possible to refill the clamping block 
with the medium after each AFM-cycle. The outlet of the 
fixture can be adjusted by using different adapter pieces in 
order to ensure certain flexibility. The clamping was 
employed to hold different combinations of work pieces and 
adapters. The clamping was fixed to the clamping block by a 
screw fitting.  
A ready-made high viscous EM24640 medium was 
applied. It consisted of a polymeric carrier with certain 
additives and abrasive grains. The density of the medium was 
1.9 g/cm3 and the material of the abrasive grains was 
aluminum oxide. The grain size of 300 – 600 μm was 
measured by means of a digital microscope. Other rheological 
properties and information about used additives were not 
accessible by the vendor.  
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4. Layout for the investigation of AFM parameters  
4.1. Work piece and material 
For the presented investigations cylindrical work pieces 
with the geometry depicted in Figure 2 were used. They 
possess an inner diameter of 6 mm and a passage length of 
60 mm. The work pieces were made from the high strength 
steel AISI 4140 with an ultimate strength of 1,073 MPa and 
Young’s modulus of 211,000 MPa. 
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Figure 2: Work piece geometry for the parameter study [4]  
4.2. Process Chain for evaluation 
First, the work pieces were machined using one-way AFM. 
After the machining cycles, the parts were cleaned and 
roughness and diameter were measured. The work pieces 
were cleaned in an ultrasonic bath. They were immersed for 
10 minutes at 40°C in water with the cleaning additive 
Tickopur R33. A Zeiss Prismo 3D-metrology machine was 
used to measure the diameter. The mean value of the five 
measuring positions was used for evaluating the diameter 
widening. 
For the roughness assessment, the work pieces were measured 
with a Mahr MarSurf XR20 surface metrology system. The 
equipment’s resolution was 0.076 μm in the measuring range 
of +/- 25 μm.  Here, five measuring lengths were applied, 
each of them 5.6 mm long in rotation of 0 and 180 degree. 
The mean value of 10 measurements was used to evaluate the 
roughness. According to DIN EN ISO 4287, the parameters 
Ra and Rz were derived from the measured roughness profile.  
5. Layout for the in-process axial force measurement 
5.1. Work piece and material 
The investigation of axial forces was conducted using three 
adapter pieces. The adapters varied in the passage length (LP) 
from 50 mm to 100 mm and 150 mm, as shown on Figure 3. 
The inlet of the adapters included a cone of 30 degrees. The 
outer diameter was designed to fit in the clamping block.  
The layout for the measurement of axial forces presented 
in [4, 5] was adapted in order to investigate a wider range of 
piston pressure levels for all three lengths of the adapters. In 
this paper, the diameter of the adapters was reduced to 6 mm. 
All three adapters were made from the high strength steel 
AISI 4140. 
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Figure 3: Work piece geometry for investigation of axial forces [4]  
5.2. Measurement technique and evaluation 
In order to acquire a sufficiently fast and precise force 
signal, an HBM Gen5i high-speed data acquisition system 
was used. It integrated an industrial PC, data acquisition and 
transient recording system in one portable system. Sampling 
was performed with 1 kS/s with a resolution of 16 bit by using 
the plug-in isolated bridge amplifier card. Previously to the 
presented investigation, some effort had been made to identify 
a suitable in-process measurement set-up. A commercially 
available one-component force sensor was chosen to measure 
the axial force component and its sensitivity depending on the 
varied parameters. The FUTEK LTH350 sensor had a range 
of +/- 2,224 N and a maximum non-linearity deviation of +/- 
0.5 %. This leads to a maximum non-linearity error of 
approximately 11 N. The sensor was not in contact with the 
medium, being a great advantage compared to already 
existing setups. 
Directly after the machining, the temperature of the 
medium was measured. A CONATEX Testo 925 thermometer 
was repeatedly stuck into the medium and the average 
temperature of the measurements was recorded.  
6. Results and discussion 
6.1. Basic one-way AFM investigation 
For the presented roughness investigation, eight parts were 
used. They were exposed to different pressure levels. Four 
strategies are presented, where two parts were employed per 
strategy. In strategy 1, the work pieces were treated for 5 
cycles with a pressure of 70 bar and 40 cycles with 40 bar. In 
strategy 2, the work pieces were machined for 10 cycles with 
70 bar and the remaining 35 cycles with 40 bar. The other 
parts were exposed to 70 bar or 40 bar for 42 cycles, 
respectively. The latter two strategies were previously 
performed and presented [5]. One machining cycle 
corresponded to the full extrusion of the lower medium 
cylinder, which was equal to 4.5 kg of the medium. It has to 
be considered that although all work pieces were exposed to 
the same number of AFM cycles, the total machining time 
differed significantly due to the applied piston pressure. One 
cycle at 70 bar took about 20 seconds, whereas the treatment 
with 40 bar had a duration of around 100 seconds. In Figure 4, 
the roughness for the four different strategies is described by 
the parameter Ra. The standard deviation per part is shown in 
the lower part of the figure. 
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Figure 4: Ra vs. number of cycles and piston pressure 
Before machining the parts with AFM, they were pre-
machined in a boring operation. It is visible that pre-
machining led to an initial roughness Ra of 3 to 4 μm. An 
exception were the two work pieces treated with 40 bar, 
which had a higher and considerably varying roughness. This 
can be attributed to the pre-machining conditions. Leaving 
aside the difference in initial surface roughness it can be 
assumed that strategy 1, strategy 2 and 40 bar yield a 
comparable final roughness around 0.5 μm. 
Taking into account that machining with 70 bar is 
considerably faster than machining with 40 bar, it could be 
stated that compared with 40 bar strategy 1 and 2 offer a 
reduction in machining time. In contrast to this, machining 
with only 70 bar ensured the shortest treatment time, but the 
surface improvement after 24 cycles remained at the level of 
approximately 1 μm and even slightly deteriorated in the end. 
The standard deviation indicated in the lower part of Figure 4 
shows a non-uniform initial roughness of all work pieces. 
Even though the parts machined with 40 bar show the highest 
initial standard deviation of roughness, the non-uniformity of 
roughness is significantly decreased with the number of AFM 
cycles. After the machining, the deviation of the surface 
roughness of these parts is almost negligible. In contrast to 
this, the work pieces machined with 70 bar show an initial 
standard deviation of the roughness which is later only 
slightly reduced by the AFM machining. The same could be 
observed in strategy 1 and 2: at the first 5 and 10 cycles, 
respectively. In these cycles the 70 bar pressure was 
employed and the initial standard deviation of roughness was 
only slightly decreased. Afterwards, when machining with 
40 bar was performed, the standard deviation was 
significantly reduced and a uniform surface roughness was 
achieved. This leads to the conclusion that machining with 
40 bar ensures higher quality of the treated surface as an 
absolute value, as well as a standard deviation. Using this 
strategy, an absolute roughness Ra of 0.5 μm and even lower 
was achieved. Treatment with 70 bar offers a shorter 
machining time, but also a higher surface roughness. Here, Ra 
was around 1.0 μm and the standard deviation approximately 
0.8 μm after 42 AFM cycles.    
In Figure 5, the reduction of roughness is described. It can 
be seen that the lowest reduction of roughness show the work 
pieces treated with 70 bar. The strategy with 40 bar ensured 
the highest reduction of roughness, which also is attributed to 
the lowest initial surface quality. The second roughness 
parameter in the presented investigation was Rz. Initially, it 
was in the range of 17 to 26 μm. After machining, it was 
reduced to 1.5 to 4.0 μm.    
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Figure 5: Reduction in Ra vs. number of cycles and piston pressure 
Figure 6 shows the widening of the diameter for the 
different AFM strategies. Each curve describes the mean 
diameter of two work pieces, measured in five measuring 
points. The greatest widening of the diameter and the steepest 
slope in the curve can be observed for the work pieces treated 
with 70 bar. The widening of the diameter is lower for the 
work pieces treated with 40 bar. This can be explained with a 
deeper cutting of the abrasive grains due to the higher piston 
pressure. Therefore, a higher machining tolerance for the 
AFM process has to be considered when machining with 
higher piston pressure. When low machining tolerances are 
required, not only the AFM machining tolerances but also 
those caused by the pre-machining have to be considered. As 
Strategy 1 and Strategy 2 combine machining cycles with 
40 bar and 70 bar, the diameter widening can be expected to 
lie between the widening of Strategy 40 bar and Strategy 
70 bar. However, Strategy 1 and Strategy 2 show the lowest 
diameter widening. This effect could be due to wear of the 
AFM medium. As a consequence, the wear of the medium 
will be considered in future investigations. 
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Figure 6: Diameter vs. number of cycles and piston pressure 
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6.2. Investigation of axial forces 
The experimental set-up for the in-process measurement of 
axial forces is shown in Figure 7. The flexible clamping block 
was used to hold the adapter work piece. In order to ensure 
the free movement of the adapter in the X-axis, there was a 
clearance fit between the clamping block and the adapter. 
Additionally, the contact surface between the adapter and the 
clamping block was kept as small as possible and cleaned 
after each experiment to avoid the adapter to get seized in the 
clamping block due to the leaking AFM medium and 
abrasives. Due to the axial forces working at the adapter 
during the machining, the force sensor was pushed against the 
clamping and recorded the axial force component. The 
measured axial force (FAX) is combined of a friction force 
component (FF) and a force component working at the inlet 
cone (FC). 
 
Piston pressure
FAX - Measured axial force
FC - Cone force
FF - Friction force
Force 
sensor
Clamping and 
spacer
Clamping blockAdapter 
FAX
FF FC
 
Figure 7: Experimental setup with force sensor 
In order to investigate the behavior of the AFM medium, 
the piston pressure was varied from 40 bar to 70 bar in steps 
of 10 bar and the passage length of the adapter was varied 
from 50 mm to 100 mm and 150 mm. Please note that the 
pressure level of 70 bar was not applicable to the shortest 
adapter as the machine could not hold this pressure constant 
during the machining. For all experiments, the axial force and 
the process time were measured. In order to avoid random 
effects, every measurement was repeated five times, as in a 
pre-examination no significant influence of the decrease in 
surface roughness on the measured axial force was found. All 
results shown are mean values of the repeated measurements. 
The minimum and maximum deviation from the mean value 
of the axial force is indicated in Figure 9. In order to reduce 
the influence of the medium temperature, the medium was 
kept in a temperature window of about 2 degree by warming 
up before the experiments and cooling down during the 
experiments. The temperature window was dependent on the 
piston pressure and the machined surface and lay between 29 
and 31 degree Celsius.  
In Figure 8, a typical signal of the force measurement is 
displayed. The curve shows an increase of the axial force at 
the beginning of the AFM process when the medium started 
to enter the work piece. This phase lasted only about 1 or 2 
seconds. Then, a short overshoot of the force signal followed 
before the signal reached a steady state. Within the steady 
state, the force signal only fulfilled a slight rise to its 
maximum and slightly sloped towards the end of the process. 
At the end of the process, when the entire medium has passed 
through the work piece, the force signal sloped steeply. For 
the evaluation of the force signal, the initial phase and the 
final phase had not been taken into consideration. All further 
results of measured forces refer to the average value of the 
steady state of the respective force signal. The process time 
can also be derived from the recorded data. The process was 
defined to start when the force reached 50 % of the axial force 
in the stable phase and was defined to end when the force 
dropped below 50 % of the axial force. 
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Figure 8: Recorded force signal for adapter 100 mm at 40 bar 
The axial forces for all three adapters and the investigated 
levels of piston pressure are shown in Figure 9. At a piston 
pressure of 40 bar the axial force for all three adapters is in a 
close range of 780 to 880 N. With increasing piston pressure, 
the axial force increases with declining gradient. 
The volume flow rate shown in Figure 10 was calculated 
on the medium volume of 2,370 cm3 extruded per cycle. It is 
assumed that the volume flow rate is constant over the 
processing time. 
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Figure 9: Measured axial force depending on the piston pressure and the 
passage length 
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Figure 10: Derived volume flow rate over the piston pressure and the adapter 
length 
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In order to show the correlation between the measured axial 
force (FAX) and the volume flow rate (Q), the results are 
displayed together in Figure 11. For the shortest and longest 
adapter, two different regimes can be observed. Looking at 
the shortest adapter (blue squares), the increase in the volume 
flow rate (from 29-208 cm3/s) with increasing piston pressure 
clearly dominates compared to the increase in the axial force 
(870-1130 N). In contrast to this, for the longest adapter 
(green checks) the increase in piston pressure results in a 
significant increase in axial force from below 1000 N at 
40 bar to 1935 N at 70 bar, while the volume flow rate shows 
only a minor increase from 6 to 31 cm3/s. Interestingly, the 
middle adapter (red circles) shows both regimes. At a pressure 
of 40 and 50 bar it behaves like the longest adapter: the 
increase in piston pressure results in a significant increase in 
axial force and only in a minor increase in volume flow rate. 
In contrast to this, it shows the behavior of the shortest 
adapter at the higher pressure levels of 60 and 70 bar. This 
behavior could be interpreted as different and perhaps non-
linear dependency between the viscosity, the friction, the flow 
velocity and the piston pressure. 
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Figure 11: Volume stream rate over axial force, depending on piston pressure 
and adapter length. 
7. Conclusion and outlook 
An investigation of the achievable surface roughness 
depending on the set piston pressure was performed. The 
results show that AFM-machining with 40 bar piston pressure 
leads to a lower minimal surface roughness and a more 
uniform roughness of the surface compared to machining with 
70 bar. However, there is a trade-off between the result in 
surface roughness and the machining time, as reducing the 
piston pressure increases the machining time per cycle. This 
asks for the definition of an adapted machining strategy 
combined of a high pressure roughing and a low pressure 
finishing operation. For different machining strategies, the 
machining allowance must also be considered if the diameter 
is a critical design parameter. 
Furthermore, a suitable setup for in-process measurement of 
axial forces in one-way AFM was presented. The influences 
of the applied piston pressure and the passage length on the 
correlation between axial force and volume flow rate have 
been studied. The results show two different regimes 
depending on the adapter length and the piston pressure. This 
indicates the non-Newtonian characteristic of the AFM paste.  
 
In [4] the authors presented a mathematic model that 
describes how the friction force could be differentiated from 
the axial force. In future work, this analytic approach will be 
applied to the present measurement results. Furthermore, axial 
force measurements with a stepped passage length and a 
variation in the diameter of the adapters will be performed. 
The experimental results will be applied in an inverse fitting 
of a numeric model for the behavior of the AFM medium. 
Models for the friction and the abrasion shall be derived. 
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